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A non-intermetallic PtPb/C catalyst of hollow structure is
synthesized through a simple reduction method, and exhibits
an activity as high as 3.6 times that of commercial Pd black and
a much higher stability for electrooxidation of formic acid.
The direct formic acid fuel cell (DFAFC) is a promising power
source for portable electronic devices, and has attracted
considerable interest in recent years.1–3 In comparison with
methanol, HCOOH has several advantages, such as faster
oxidation kinetics, less toxicity and lower crossover rate
through Nafion membrane.4,5 However, the commercialization
of DFAFC is still impeded by poor performance of catalysts
for HCOOH electrooxidation.
Two types of catalysts, Pd-based and Pt-based catalysts,
are often used for HCOOH electrooxidation. The Pd-based
catalysts exhibit a very high initial activity due to being free
of CO poisoning, but their long-term stability is not
satisfactory.6–8 Although pure Pt catalyst is easily poisoned
by adsorbed CO (COad), a reaction intermediate,
9,10 its activity
towards HCOOH electrooxidation can be significantly
boosted when the Pt surface is modified with sub-monolayer
foreign metal adatoms (such as Pb, Bi, Sb).11–16
One shortcoming for such surface-modified Pt catalysts is
that sub-monolayer foreign metal adatoms are vulnerable
to loss under reaction conditions due to the corrosive
dissolution or diffusion into the interior of Pt nanoparticles.
To improve the performances of DFAFC’s catalysts,
the preparation of Pt-based alloy nanoparticles is a more
effective route.
Pt–Pb binary alloy is one of the most active electrocatalysts
for HCOOH oxidation. Recently, the preparation of PtPb
catalysts has been mainly focused on PtPb intermetallic
compounds.17–23 For example, Abruna and co-workers have
systematically prepared PtPb nanoparticles of intermetallic
structures to improve the activity and stability for HCOOH
electrooxidation.17–19,24,25
In this communication, we prepared a non-intermetallic
PtPb/C catalyst of hollow structure, which exhibits both much
higher activity and stability than commercial Pd black catalyst
for HCOOH electrooxidation, and displays a best steady-state
mass current density, up to now, of 0.86 A mg1 Pt at
0.30 V (RHE).
The PtPb/C catalyst was synthesized through a two-step
method without using any surfactant and organometallic
precursors: (1) PtPb nanoparticles were firstly synthesized
through co-reduction of K2PtCl6 and Pb(NO3)2 by NaBH4,
and supported on XC-72 carbon black; (2) after the centrifugal
separation and re-suspending in water, additional K2PtCl6 was
added, and reduced by NaBH4 again (see ESIw for details).
Fig. 1a shows a representative transmission electron
microscopy (TEM) image of as-prepared PtPb/C catalyst. The
average size of a PtPb nanoparticle is about 8.7 nm (Fig. 1c). The
Energy Dispersive X-Ray (EDX) analysis demonstrates that
the atomic ratio of Pt : Pb is 0.59 : 0.41, and the mass percentage
of Pt is about 20% (Fig. 1d). In a high-magnification TEM
image of an individual nanoparticle (Fig. 1b), several grains of
3–4 nm (marked by circles) can be observed, indicating that
the PtPb nanoparticle is of polycrystalline structure. On these
grains, the fringe patterns with lattice spacing of 0.23 nm,
corresponding to the {111} planes of pure Pt, can be observed,
illustrating the appearance of phase separation between Pt and
Pb. In addition, there is significantly different contrast between
the center (light) and border (dark) of some nanoparticles in
the TEM image, suggesting a hollow structure of PtPb. Such
hollow structure can increase the accessible surface area for
reactant, which is important to enhance the catalytic activity.
It has been determined that the proportion of hollow PtPb
nanoparticles is about 30–40% by counting 200 nanoparticles,
and several typical hollow nanoparticles are marked in Fig. 1a
by arrows. The hollow PtPb nanoparticles may be formed
through the galvanic replacement reaction between PtCl6
2
and previously formed metallic Pb due to the big difference
in their standard electrode potentials (j1 PtCl6
2/Pt = 0.72 V;
j1 Pb2+/Pb = 0.126 V) in the second reduction step.26
The structure of the PtPb/C catalyst was further characterized
by powder X-ray diffraction (XRD), as shown in Fig. 2.
PtPb/C catalyst displays four broad diffraction peaks
at 39.71, 46.11, 67.31, 80.91 (marked by ~), which can be
indexed to the {111}, {200}, {220}, and {311} planes of the
face-centered-cubic (fcc) Pt. In comparison with a commercial
Pt/C (Johnson Matthey, 20 wt.%) catalyst, no appreciable
shift in diffraction angles can be observed for the PtPb/C,
indicating that this crystalline Pt phase on the PtPb/C
originates from pure Pt.22 The mean crystallite sizes calculated
by Scherrer formula based on the {111} diffraction peak are
3.5 and 3.0 nm for the as-prepared PtPb/C and commercial
Pt/C (Johnson Matthey), respectively. The crystallite size
(3.5 nm) of the PtPb/C is in good agreement with the grain
size revealed by the high-magnification TEM image (3–4 nm,
marked by circles in Fig. 1b). Besides the fcc diffraction,
there is a set of sharp peaks at 24.61, 27.21, 34.11 and
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43.01 (marked by *), which can be attributed to 2PbCO3Pb(OH)2
(ICDD PDF2 File #00-001-0687, blue line in Fig. 2). XPS
analysis (Fig. S1 and Table S1 in the ESIw) illustrates that the
dominant species of the PtPb nanoparticles are Pt(0) (30.5%)
and Pb(II) (37.8%) on the pristine surface, changing to Pt(0)
(34.4%) and Pb(0) (38.7%) after sputtering. Clearly, there are
two different metallic phases (Pt and Pb) in the PtPb/C. The
Pb may exist as an amorphous phase, since no metallic Pb
diffraction peaks could be observed in the XRD pattern
(Fig. 2).
The as-prepared PtPb/C catalyst manifests a very high
activity for HCOOH electrooxidation. Fig. 3a compares
the cyclic voltammograms of HCOOH oxidation on the
as-prepared PtPb/C, commercial Pd black and Pt/C catalysts
at a scan rate of 50 mV s1. The current densities at 0.45 V,
normalized to the mass of Pt or Pd, are measured as 4.95,
1.37, and 0.20 A mg1 on the PtPb/C, Pd black and Pt/C,
respectively (inset to Fig. 3a). The catalytic activity of the
PtPb/C is 3.6 times that of the Pd black catalyst, and 24 times
that of the Pt/C catalyst. In addition, the current densities at
0.30 V, a typical working potential for HCOOH oxidation in
DFAFC, are 1.20, 0.38, and 0.051 A mg1 on the PtPb/C, Pd
black and Pt/C, respectively.
The PtPb/C also possesses a high stability for HCOOH
oxidation. Fig. 3b illustrates the current–time curves of the
PtPb/C, commercial Pd black and Pt/C catalysts recorded at
0.30 V. The initial current density on the PtPb/C is 1.35 A mg1,
which is more than 6 and 10 times larger than those of the Pd
black and Pt/C catalysts, respectively. More importantly, the
degradation rate of oxidation current on the PtPb/C is much
slower than that on the Pd black. Their ratio (i.e., jPtPb/jPd)
almost increases linearly from 6 to 15 in a 1.0 h period (inset to
Fig. 3b), confirming that PtPb/C catalyst has much higher
stability than commercial Pd black catalyst. Besides, the
steady-state current of HCOOH oxidation, recorded at 1.0 h
(E = 0.30 V), on the PtPb/C is 0.86 A mg1, which is superior
to those reported so far of Pd/C (e.g., 0.18 A mg1 @ 0.35 V;8
0.12 A mg1 @ 0.44 V27), intermetallic PtPb (e.g., 0.04 A mg1
@ 0.25 V;17 0.044 A mg1 @ 0.55 V21) and UPD-Pb modified
Pt/C (e.g., 0.032 A mg1 @ 0.31 V16). The high stability of
the as-prepared PtPb/C catalyst suggests that the formation
Fig. 1 Morphology and composition characterization of as-prepared
PtPb/C catalyst. (a) Low-magnification TEM image. Several typical
hollow nanoparticles are marked by arrows. (b) High-magnification
TEM image, indicating the PtPb nanoparticle consisting of 3–4 nm
fine grains. (c) Histogram of particle size. (d) EDX spectroscopy.
Fig. 2 XRD patterns of the PtPb/C and commercial Pt/C catalyst.
Fig. 3 (a) Cyclic voltammograms (50 mV s1) and (b) current–time
curves recorded at 0.30 V (RHE), of HCOOH oxidation on PtPb/C,
commercial Pd black and Pt/C catalysts in 0.5 M HCOOH + 0.1 M
H2SO4. Inset in (a) shows the comparison of current recorded at 0.30
and 0.45 V. Inset in (b) shows the current ratio (jPtPb/jPd) between
PtPb/C and Pd black.






























































of intermetallic structure is not requisite to improve the
stability of Pt–Pb alloy catalysts.
The high electrocatalytic activity of the as-prepared PtPb/C
for HCOOH oxidation may originate from two effects:
(i) geometric effects (or third body effects), in which the Pb
atoms provide the steric hindrance for HCOOH to form CO
poisoning species;28 (ii) electronic effects, in which Pb modifies
the electonic structure of Pt and enhances the intrinsic kinetics
of formic acid oxidation.29 Electrochemical in situ FTIR
spectra of HCOOH oxidation (Fig. 4) confirm that the
PtPb/C can prevent effectively the poisoning by COad, as we
could not observe any IR bands of COad species in the
1800–2100 cm1 region (the inset to Fig. 4). The downward
band at 2343 cm1 was assigned to soluble CO2, the oxidation
product of HCOOH, which appeared as early as at a potential
of 0.05 V. This fact justifies the geometric effect of Pb. Besides,
the electronic effect may also contribute to the enhancement of
catalytic activity, as evidenced by a negative shift (0.5 eV)
of Pt4f binding energy on PtPb/C in comparison with the Pt/C
catalyst (Fig. S1w). It is worth noting that the surface Pb
species detected by XPS (Fig. S1w) may make the chief
contribution to the high catalytic activity of the PtPb/C. These
Pb species may be formed through the adsorption or re-deposition
of Pb2+ generated from the galvanic replacement reaction
between PtCl6
2 and metallic Pb during the second
reduction step.
In summary, a non-intermetallic and well-dispersed PtPb/C
catalyst was synthesized through a two-step method without
using any surfactant and organometallic precursors. The
coexisting geometric and electronic structure effects arising
from the Pb promote significantly the electrocatalytic activity
of PtPb/C for HCOOH electrooxidation. The PtPb/C catalyst
also exhibits much higher stability for HCOOH oxidation than
commercial Pd black and Pt/C catalysts. This study is of great
significance for developing the direct formic acid fuel cell.
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Fig. 4 In situ FTIR spectra of HCOOH oxidation on PtPb/C catalyst
at different potentials. The magnified spectra in the inset confirm that
there are no adsorbed CO bands. ES was varied from 0.05 to 0.40 V,
ER = 0.0 V.
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